Abstract
Introduction
Thromboembolic events are amongst the most common causes of morbi-mortality worldwide [1] . Although highly efficient, the use of vitamin K antagonists (VKAs), the gold standard in thromboembolism prophylaxis for more than 60 years, is far from being ideal. During the past decade, two new classes of target-specific oral anticoagulants (NOACs) -direct thrombin inhibitors and direct factor Xa inhibitors -were introduced as an appealing alternative to VKAs. Large clinical trials have demonstrated that these new agents are at least as effective and are generally safer than the VKAs [2] [3] [4] [5] . Moreover, the more predictable pharmacokinetics and pharmacodynamics of these new agents supported their use in fixed doses, without the need for routine laboratory monitoring [6] .
Consensus seems to have been reached, however, that "circumstantial" laboratory testing may be required in a number of clinical scenarios, such as in NOAC-treated patients presenting with acute hemorrhagic or thrombotic events, or who may benefit from semiurgent surgery, if bleeding risk is thought to be acceptable, or in cases of suspected overdose [7] .
The problem remains, however, that whereas the classic coagulation assays cannot provide accurate, quantitative measure of plasma drug concentration or anticoagulant effect, most of the novel tests validated for laboratory assessment of NOACs require high training, dedicated equipment, and are not routinely available in most laboratories.
Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) is the most widely used method for therapeutic monitoring and bioavailability studies of NOACs, due to very good sensitivity and selectivity, as well as adequate accuracy and precision [8] [9] [10] [11] [12] [13] although other methods, such as surface-assisted laser desorption/ionization mass spectrometry (SALDI-MS), have also been described [9] . Several therapeutic drug monitoring [8] and pharmacokinetic studies [10, 11] of rivaroxaban that use LC-MS/MS for its determination in human plasma have been described in literature.
The aim of this study was to develop and validate a new, simple, rapid high throughput LC-MS/MS method for the determination of rivaroxaban human plasma levels for use in therapeutic drug monitoring.
The protocol of this research was approved by the Ethics Committee of the University of Medicine and Pharmacy of Tîrgu Mureș, Romania, were the study was conducted.
Research has been performed in the accordance with standards of 1964 Helsinki declaration and its later amendments or comparable ethical standards. All participants included in the study provided written informed consent.
Material and methods

Reagents
Gradient grade for liquid chromatography methanol and acetonitril, as well as ammonium formate and formic acid of analytical purity were acquired from Merck KGaA (Darmstadt, Germany). Bidistilled deionized water was obtained from a Millipore Milli-Q Water purifying system (Milford, USA). Blank human plasma was supplied by the Cluj-Napoca Regional Blood Transfusion Center (Romania) and was obtained from healthy male and female volunteers.
Apparatus
The following equipment were used: Laborzentrifugen 204 Centrifuge (Sigma, Osterode am Harz, Germany); Analytical Plus and Precision Standard Balances (MettlerToledo, Greifensee, Switzerland); Vortex Genie 2 mixer (Scientific Industries, New York, USA); Elma Transsonic 700/H ultrasonic bath (Singen, Germany); Biohit Proline automatic pipettes (Biohit, Helsinki, Finland). LC-MS system used: Agilent 1100 HPLC system composed of G1316A Column Oven, G1329A Autosampler, G1312A Binary Pump, G1379A Degasser coupled with Agilent 1100 SL Ion Trap Mass Detector (Agilent Technologies, Santa Clara, USA).
Chromatographic and spectrometric conditions
Analytical separation was performed using a Zorbax SB-C18 (3.0 x 100mm, 3.5 µm) (Agilent Technologies) chromatographic column using isocratic flow of mobile phase composed of 0.2% formic acid in water and acetonitril (65:35, V/V) with a flow rate of 1 mL/min and at temperature of 45 ºC. Detection of rivaroxaban was performed using positive electrospray ionization (positive ionization, capillary voltage 4000V, nebulizer gas (nitrogen) pressure 60 psi, dry gas (nitrogen) temperature 350ºC, dry gas (nitrogen) flow 12 L/ min) and MS/MS monitoring mode (sum of m/z 231.1; 289.2 and 318.2 from m/z 436.3). The method run-time was 1.7 minutes.
Standard solutions
Rivaroxaban stock solution with a concentration of 80.00 μg/mL was prepared by dissolving the appropriate quantity of rivaroxaban in methanol. The stock solution was diluted with blank human plasma to prepare two working solutions with concentrations of 2.40 μg/mL and 0.24 μg/mL, respectively. The working solutions were subsequently diluted with plasma for the preparation of calibration standards with concentrations of 24.00, 48.00, 96.00, 192.00, 384.00, 576.00, 768.00 and 960.00 ng/mL, and quality control (QC) plasma samples with concentrations of 48.00 ng/mL (lower), 192.00 ng/mL (medium) and 576.00 ng/mL (higher). All plasma calibration standard and QC samples were stored at -20ºC until analysis.
Sample preparation
Plasma calibration standard solutions, QC plasma solutions, and volunteer plasma samples (100 μL) were deproteinized with methanol (300 μL) in propylene tubes, mixed using the vortexmixer (10 s) and centrifuged (3 min at 10,000 rpm). The obtained supernatant was transferred to chromatography vials and 6 μL sample volume injected into the LC-MS/MS system.
Method validation
The analytical method was evaluated regarding selectivity, specificity, within-and betweenday accuracy and precision, analyte recovery, according to international guidelines [14, 15] . For the evaluation of selectivity, chromatograms obtained from plasma samples spiked with rivaroxaban were compared to chromatograms of blank plasma samples. The QuantAnalysis (Brucker Daltonics, Germany) software was used to automatically calculate rivaroxaban concentrations based on chromatographic peak areas using external standard method.
Calibration curves were constructed from single calibration standards, linear model, using a weighting factor 1/y 2 . For determination of within-and between-run precision (expressed as coefficient of variation, CV %) and accuracy (expressed as relative difference between obtained and theoretical concentration, Bias %) five different samples (n = 5) of each QC standard (low, medium, and high level, respectively) were analyzed on the same day and in five different days, respectively. The lower limit of quantification (LLOQ) of rivaroxaban (24.00 ng/mL) was studied and both within-run and between-run accuracy and precision were calculated using five different LLOQ samples for each. Recovery of rivaroxaban was measured by comparing responses of plasma samples spiked with rivaroxaban with standard solution prepared in mobile phase containing the same drug concentration and processed the same as plasma samples.
Therapeutic drug monitoring of rivaroxaban
The analytical method was used for therapeutic drug monitoring of rivaroxaban in 29 patients receiving single daily doses of 20 mg drug. Two blood samples were taken from each patient, at treatment steady-state, just before a new rivaroxaban dose administration (Sample_1) and 3 hours after administration (Sample_2). A CoaguChek ® XS System (Roche Diagnostics, USA) was used for International Normalized Ratio (INR) measurements simultaneously with blood sampling. Plasma samples were obtained after blood sample centrifugation for 6 min at 4,000 rpm. The rivaroxaban plasma levels were obtained by using the currently described analytical procedure and the normalized plasma levels by dividing the concentration to body weight. For statistical evaluation of results (Boxplot graphs, descriptive statistics, analysis of variance ANOVA), Phoenix software (Pharsight, SUA) was used.
Results
To obtain the best analyte ionisation efficiency in mass spectrometer (finally translated as method sensitivity), a screening of the main factors affecting drug ionisation yield was realised. The studied factors were: ionisation source type (electrospray (ESI) positive mode and atmospheric pressure chemical ionization (APCI) positive mode), the organic modifier used (methanol and acetonitrile), the aqueous phase used (0.2% formic acid in water and 1 mM ammonium formate in water). The same amount of rivaroxaban standard solution was injected in the chromatographic system prepared in each unique combination of the three factors studied (8 combinations) and the signal-to-noise ratio of the chromatographic peak obtained was calculated (data not shown). The best analyte response was obtained using ESI positive mode ionization and a mobile phase composed of 0.2% formic acid in water and acetonitrile (65:35, V/V). In the acidic mobile phase rivaroxaban easily accepts a proton generating the pseudo-molecular ion [M+H] + (m/z 436.3) (Figure 1) . After collision induced dissociation in the mass spectrometer, this pseudo-molecular ion (m/z 436.3) produces fragments (Figure 2) . The fragments having m/z 231.1, m/z 289.2, and m/z 318.2 were chosen for the quantification of rivaroxaban.
The developed method was optimized to obtain chromatographic peaks with minimal tailing and short retention times for rivaroxaban.
Figure 1. Non-reactive mass spectra of rivaroxaban
The best chromatographic result was achieved using a Zorbax SB-C18 3.0 x 100mm, 3.5 µm column thermostatted at 45 ºC and a mobile phase mixture of 0.2% formic acid in water and acetonitrile (65:35, V/V) with isocratic flow and flow rate of 1 mL/min. Analyte retention time was 1.4 min, while the sample run-time was 1.7 min. The analysis of six blank plasma samples showed no interfering endogenous peaks at the retention time of rivaroxaban. Typical chromatograms of rivaroxaban in human plasma obtained during analytical method validation or in therapeutic drug monitoring study are presented in figure 3 .
All calibration curves had correlation coefficient greater than 0.9927 and were linear over the concentration range 24.00 -960.00 ng/ mL plasma. Results for within-run and betweenrun precision, accuracy and recovery obtained during the validation are shown in Table I  and Table II . The lower limit of quantification (LLOQ) was 24.00 ng/mL and had acceptable accuracy and precision results ( Table I and  Table II ).
Discussion
Because of high inter-and intra-individual variability in the pharmacokinetics and pharmacodynamics of VKA leading to unpredictable anticoagulant response and difficulties in maintaining an adequate INR, these drugs are often underused, despite their undisputable clinical efficiency. Meanwhile, 
Table 1. Within-run accuracy (Bias), precision (CV) and recovery for rivaroxaban (C -concentration, CV -coefficient of variation, SD -standard deviation) c nominal (ng/ml) Mean c found (ng/ml (± SD))
Bias (%) CV (%) Mean recovery (% (± SD))
Figure 2. Collision induced dissociation (reactive) mass spectra
factors such as short half-life, few food and drug interactions, predictable pharmacokinetics and pharmacodynamics, wide therapeutic windows, and low genetic variability supported the use of NOACs, including rivaroxaban, without the need for routine laboratory monitoring [6] . A number of clinical settings have been established, however, laboratory testing to determine at least the presence or absence of anticoagulant effect in NOAC-treated patients may be critical. Since the anticoagulant response to NOACs does not seem to be completely immune to factors such as coexisting pathologies, drug and food interactions, treatment adherence and even genetic variability, periodic rather than "circumstantial" testing may be needed, at least in selected categories of patients [6] . Although less affected by altered kidney function than dabigatran, for which about 80% of the dose is eliminated via urine [16] , rivaroxaban is not completely free of such interactions, as reflected by the lower drug doses used in patients with impaired kidney function in clinical trials [3, 17] . However, whereas only about one third of the rivaroxaban dose is eliminated unchanged by the kidneys, the remaining two thirds undergo conversion into inactive metabolites in the liver, via CYP3A4-dependent pathways [18] . Additionally, similarly to all the other NOACs, rivaroxaban absorption is highly dependent on the p-glycoprotein transporting system, hence rivaroxaban should not be combined with strong dual CYP3A4 and p-glycoprotein inhibitors or inducers. Isolated use of p-glycoprotein inhibitors/ inducers, however, does not seem to significantly affect rivaroxaban pharmacokinetics [19] . Although rivaroxaban appears to have low variability, pharmacokinetic studies reported high interindividual variations in drug plasma levels, even among apparently healthy individuals [20] . In patients with venous thromboembolism, both peak (22 μg/L to 535 μg/L) and trough (6 μg/L to 239 μg/L) rivaroxaban levels varied widely, although the clinical impact of these variations has not been reported yet [21] . These clinical and pharmacokinetic data support the critical role of rivaroxaban laboratory testing, at least in certain circumstances and/or in selected patients.
Although some of the classic coagulation tests have been validated for clinical use, mainly in emergency settings, these assays can generally provide only qualitative evaluation of the presence or absence of NOACs, and no correlation between test results and clinical outcomes has been established so far. Meanwhile, newer, more specific assays validated for clinical use have a number of drawbacks, including high costs, lack of wide availability, and complex, time-consuming protocols. Developing new laboratory techniques and/or adapting already existing methods will allow us to assess rapidly, accurately, and cost-efficiently the level of anticoagulation in rivaroxaban-treated patients.
Several methods have been described in the literature for the quantification of rivaroxaban from human plasma [8] [9] [10] [11] [12] or urine [10] . Kuhn et al. determined rivaroxaban and dabigatran levels in human plasma using the UPLC-MS/ MS method. The method uses upper pressure liquid chromatography (not widely available in comparison with HPLC) and the total run time of the method (2.5 min) is longer than in our developed assay [8] . Korostelev et al. measured dabigatran and rivaroxaban human plasma concentrations by a validated LC-MS/MS method. The calibration range was 2.5-500 ng/mL and total run time was 5 min. However, besides quite long analysis time, the upper quantification limit of 500 ng/mL may not be appropriate for rivaroxaban quantification after multiple daily doses are administered to patients [9] .
Cheng et al. developed a surface-assisted laser desorption/ionization mass spectrometry method to quantify rivaroxaban in human plasma and urine. Dispersive liquid-liquid microextraction was used for sample preparation. However, our [11] . The upper quantification limit was 500ng/ mL, and the processed human plasma sample volumes were 0.2 mL. Total run time for each injected sample was 5 min. In comparison, our method uses smaller sample volumes (0.1 mL) and has considerably shorter run time (1.7 min). Schellings et al. determined rivaroxaban and dabigatran human plasma levels in patients after major orthopedic surgery, the method having a total run time 4.75 min [12] . Srinivas Reddy et al. developed and validated a high throughput LC-MS/MS method for the quantification of rivaroxaban with a calibration range of 2-500 ng/mL and a short run time of 2 min; however, solid phase extraction was used for sample preparation, which greatly increases the cost of analysis and sample preparation time [13] . Our developed and validated method is rapid, simple and sensitive, requires small volumes of plasma sample (100 μL) and has a shorter run-time compared to most methods described in the literature, as well as simple, rapid and inexpensive sample preparation. The method has been validated according to current international guidelines [14, 15] . The method showed good linearity, sensitivity (LLOQ of 24.00 ng/mL), good accuracy and precision over the studied concentration range ( Table I and Table II) .
The developed high-throughput analytical method was successfully applied for therapeutic drug monitoring of hospitalized patients being under treatment with rivaroxaban (daily doses of 20 mg). A descriptive statistics of the rivaroxaban plasma levels before and 3 hours after drug administration is presented in Table III . As can be observed, the mean rivaroxaban plasma levels before administration of a new dose are about 123.3 ng/mL, with an inter-subject variability of 51%. The increase of rivaroxaban concentration after drug administration is about 4.3 times (533.9 ng/mL). The same trend and with similar magnitude can be observed for body weightnormalized concentration. The mean INR values (Figure 4) show the increase of rivaroxaban plasma levels before and 3 hours after drug administration and the effect on INR values, with their statistical significance (two-ways ANOVA with source of variation subject and Sample type -pre-or after dose, significance for p< 0.05).
In conclusion, a simple, rapid, inexpensive high throughput LC-MS/MS method for the determination of rivaroxaban in human plasma was developed, validated and used in therapeutic drug monitoring. When compared to other published assays, the presented analytical method is faster (short run times and simple, rapid sample preparation), which is essential in routine analysis with large numbers of samples, and has an adequate sensitivity for the proposed utilization. The method was successfully applied for determination of rivaroxaban plasma levels in hospitalized patients and can also be applied in pharmacokinetic studies.
Possible limitations during method transfer to a clinical laboratory include possible limitations related to the available infrastructure at the transfer site (e.g. the mass spectrometer characteristics, type, sensitivity, differences in liquid chromatographs), however, in this case the analytical method may be easily adapted to the new infrastructure environment and then re- 
